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Introduction
Diesel particulate filters (DPF) appear to be the most reliable approach to tackle soot particulate emissions in Diesel engines and hence its study for almost thirty years ago. Nevertheless, its widespread use has not been reached up to just ten years ago [1] . The reasons arise from several interdisciplinary aspects. For many years, the limits to soot and the remainder emissions imposed by the pollutant regulations have been overcome by means of improvements on the injection and the combustion processes and technology [2, 3] , the comprehensive understanding of pollutants formation during transient behaviour of Diesel engines [4, 5] , flexible turbocharging systems [6] or exhaust gas recirculation control [7] . The solutions proposed in these research fields have delayed the introduction of the DPF, whose early use would have meant to deal with important problems regarding safe, reliable and periodic regeneration under all driving conditions. Additionally, available regeneration techniques to drive the system towards low back pressure, implying minimum fuel consumption, were complex and costly.
However, increasingly restrictive regulations [8, 9] have led manufacturers and researchers to resort to DPF systems in an immediate future. These systems guarantees a proven filtration efficiency to reduce all the particulate emission range size, from 10 nm up to two or three order of magnitude over [10] . This context has motivated sound improvements in soot filtration technology in recent years [11] on the basis of the first studies covering the keys for a comprehensive understanding of the DPF operation [12] .
The development of DPFs has comprised the exploration of different systems defined by the combination of materials and flow path-lines: ceramic honeycomb wall-flow monoliths, ceramic fibres, ceramic foams, metal fibre filters or sintered metals. Among these solutions, honeycomb wall-flow monoliths, which are mainly made of cordierite or silicon carbide, have achieved the most widespread commercial implantation covering both passenger and heavy-duty transport [13] . This type of monolithic filters consists of a bundle of small axial parallel channels, typically of square cross section. Adjacent channels are alternatively plugged at each end in order to force the gas flow through the porous substrate wall from the inlet to the outlet channels. The soot particulates are filtrated and accumulated into or on the porous wall until regeneration. The main advantages of this sort of filters is a good balance in properties regarding high filtration efficiency, specific surface area and thermal shock resistance combined with flexibility to diversity of active and passive regeneration strategies.
The parameters defining the geometry of DPF monoliths quoted by the filter manufacturers are nominal values.
However, raw material and extrusion process variability or material changes during the thermal treatment of the ceramic material are all factors that may affect the exact values of these parameters [14] . To overcome this problem is specially important in the case of the pore structure properties because of their influence on the characterisation of pressure drop [15] , filtration [16] and regeneration [17] .
The evaluation of the clean permeability of the porous substrate in wall-flow DPFs has been proposed in the literature through the testing of the isolated monolith [14] . As drawback, this methodology requires an independent characterisation of the inertial pressure drop in the inlet and outlet cones of the canned DPF to properly study the influence of the DPF on engine performance [18] .
In this work a characterisation methodology to determine both the permeability in clean wall-flow monoliths and all the inertial pressure drop contributions in a canned DPF is proposed exploring the relation between experimental and modelling techniques. It also allows the description of the pore structure characteristics of the substrate, which is needed to account for the slip-flow effect on the DPF pressure drop at high temperature.
The proposed methodology is based on the direct testing of a canned DPF system under cold steady flow, which provides the pressure drop produced by the whole device. This test avoids dismantling the DPF to only test the monolith and the uncertainty of the best place where pressure sensors should be located [19] is overcome. The measured pressure drop is the addition of those produced by the inlet and outlet ducts to the filter and by the different flow interactions taking place at the different components: inlet and outlet volumes, monolith channels and porous medium.
The coexistence of several non-inertial and inertial contributions to the pressure drop, which influence each other, prevents from a direct analytical determination of the porous wall permeability. As a consequence, experimental data are used as control parameter of an iterative computation procedure. It drives both the determination of the permeability and the decomposition of every of the additional non-inertial and inertial mechanisms inducing the pressure drop. The computation couples a lumped parameter model for pressure drop prediction across wall-flow DPFs and a one-dimensional (1D) model solving the unsteady compressible flow equations in DPF channels. The porosity and the mean pore size are assessed from the permeability value and the theoretical background about packed beds of spherical particles. The obtained definition of the pressure drop distribution and the pore structure is experimentally validated applying it to the prediction of the DPF flow dynamics response under cold steady flow, impulsive flow and hot pulsating flow.
Determination of permeability and inertial pressure drop distribution
The proposed methodology quantifies the permeability of the clean porous substrate in honeycomb wall-flow DPFs and characterises the contribution to the pressure drop of the rest of singularities. The required experimental information is the pressure drop produced by the filter. It can be also assessed with modelling tools, so that the contributions of both inertial and non-inertial mechanisms can be evaluated.
Lumped parameter pressure drop model for wall-flow DPFs
Konstandopoulos [14] proposed a lumped parameter model for the pressure drop calculation in honeycomb wallflow monoliths based on an incompressible flow approach. The pressure drop of an isolated clean monolith is given by:
On the one hand, the non-inertial mechanisms are correlated with the volumetric flow rate (Q) and controlled by the porous wall permeability (k w ) and the friction process. The pressure drop due to friction in square porous channels depends on the momentum transfer coefficient F w , whose value is constant and equal to 28.454 [12] . On the other hand, the inertial terms, which are proportional to the squared volumetric flow rate, include the following contributions:
• Pressure drop across the porous wall by means of the Forchheimer's coefficient (β F ).
• Pressure drop due to the local contraction of the flow entering to the inlet channels.
• Pressure drop due to the local expansion of the flow coming out of the outlet channels.
The last two contributions are considered together in a solely pressure drop coefficient (ς mon ) in equation (1) .
In order to extent the proposal of Konstandopoulos to calculate the pressure drop of the canned DPF device, i.e. accounting for the pressure drop coefficients related to the expansion at the inlet cone of the filter (ς ie ) and the contraction at the outlet cone (ς oc ), equation (1) can be rewritten as:
The ratio between the pressure drop and the volumetric flow rate can be expressed by a linear function of the volumetric flow rate as,
where coefficients a and b are respectively:
Experimental data provide the pressure drop and the volumetric flow rate to obtain the coefficient a. As a consequence, knowing the coefficient a and the geometry of the DPF, the permeability of the porous wall can be determined by means of equation (6):
Experimental procedure and data processing
In this work, a standard uncoated DPF for a 2 l Diesel engine was tested in a steady flow test rig at room temperature. Table 1 shows the geometrical data of the tested DPF.
Tests with mass flow rates ranging between 80 kg/h and 400 kg/h were performed in order to measure the pressure drop across the DPF at a wide range of flow regimes, with Reynolds number (Re) from 30000 to 150000 at the inlet of the DPF. Figure 1 shows a scheme of the set-up used to test the DPF. Tests were performed in aspiration inducing a pressure decrease in the settling volume by means of a roots blower. The air mass flow rate was measured with a hot film anemometer whereas the pressure drop was measured with a water column connected to the settling volume. With this set-up, the measured pressure drop includes the contribution of the inlet duct, the canned DPF, the outlet duct and the kinetic energy loss of the flow discharged into the settling volume. This can be expressed mathematically as
where Δp represents the stagnation pressure drop; subscript id refers to the pressure drop at the inlet duct, which includes the entrance and friction losses; subscript od is referred to the pressure drop at the outlet duct due to friction; subscript sv indicates the pressure drop due to the discharge into the settling volume.
To determine the porous wall permeability accurately, the contributions of all singularities to pressure drop must be quantified. With this purpose, the inlet duct was tested independently, so that its particular pressure drop was characterised. Following the same procedure that in the case of the filter, the pressure drop obtained from this test is:
Therefore, rearranging equation (7) and combining with equation (8), the pressure drop of the canned DPF plus that due to friction in the outlet duct can be determined empirically as:
Since the dynamic pressure of the flow discharged into the settling volume is lost, the pressure drop produced by such singularities is
being ρ the air density at room conditions because of incompressible flow assumption.
According to this procedure, experiments in the steady flow test rig yield the information shown in Figure 2 . The pressure drop induced by the DPF cannot be isolated experimentally from that caused by the friction in the outlet duct. Therefore, the complete decomposition of the pressure drop contributions cannot be achieved only with an experimental approach.
As a consequence, the solely application of the lumped parameter model (equation (6)) to obtain the permeability is not possible. To surpass this limitation a one-dimensional modelling of the experiments is proposed to complete the characterisation. The use of a one-dimensional gas dynamics code can provide the friction pressure drop across the outlet duct of the installation and the complete decomposition of the inertial pressure drop across the canned DPF.
One-dimensional model for wall-flow DPFs
The 1D model for honeycomb wall-flow DPFs includes the solution of the flow unsteadiness, characteristic of internal combustion engines dynamics. The main aspects of the model formulation are described in Appendix A.
Further description of the model can be found in detail in [20, 21] .
The solution of the flow dynamics inside the monolith assumes that the flow is uniform at the inlet cross-section of the monolith (but time-dependant) and that the monolith is perfectly insulated in the radial direction under cold flow operation. Therefore, all the pairs of inlet-outlet channels have the same behaviour and only the solution of one of them is required [12] . The solution of the monolith channels allows to evaluate the pressure drop due to non-inertial mechanisms, i.e. flow through the porous medium and flow-wall friction. The remaining pressure drop contributions are considered by means of the modelling of the inlet and outlet volumes of the DPF.
The DPF model has been implemented in OpenWAM TM (Open Wave Action Model) [22] , an open source gas dynamics software which has been developed at CMT-Motores Térmicos. The DPF model can be coupled to the inlet and the outlet ducts of the DPF for the simulation of either test facilities for characterisation purpose or real engine operation.
The large cone angle of the inlet and outlet volumes of the DPF does not permit a one-dimensional modelling of these elements [23] . The simplest and most suitable solution to this limitation is to simplify the problem simulating both volumes of the DPF as 0D elements. Figure 3 shows the representation of the DPF in the OpenWAM's interface.
In this figure, the big rectangles represent 0D elements and the medium size squares, numbered from 1 to 6, represent boundary conditions. The 1D elements, such as ducts and monolith channels, are represented by solid lines connecting the boundary conditions. The monolith channel numbered as 1 represents an inlet channel whereas the channel 2 is the outlet channel. The grey arrows indicate the flow through the porous medium, which is considered as source term in the conservation equations.
The inertial pressure drop contributions are modelled by boundary conditions connecting 0D and 1D elements.
These boundaries, based on the Benson's proposal [24] , calculate the pressure drop at the inlet and outlet of every volume defining discharge coefficients. According to the numbering shown in Figure 3 , the following boundaries have been used:
• Boundary condition 1 accounts for the pressure drop due to the flow expansion at the inlet cone of the filter.
• Boundary condition 2 accounts for the pressure drop due to the local flow contraction when entering to the inlet monolith channels.
• Boundary condition 5 accounts for the pressure drop due to the local flow expansion when exiting from the outlet monolith channels.
• Boundary condition 6 accounts for the pressure drop due to the flow contraction in the outlet cone of the filter.
The monolith description is completed with the inclusion of the boundary conditions 3 and 4, which represent the alternatively plugged ends at inlet and outlet channels.
Calculation iterative procedure
The proposed procedure for the characterisation of both the permeability and the remaining contributions to the pressure drop in clean honeycomb wall-flow DPFs is sketched in Figure 4 .
The first phase concerns the testing of the canned DPF and the inlet duct in the steady flow test rig according to the description given in section 2.2. The pressure drop across the canned DPF and the outlet duct can be determined by means of the post-processing of the experimental data, as shown in Figure 2 . From these data, the modelling of the experiments coupling the lumped parameter and the 1D models leads to a further decomposition of the pressure drop contributions.
The modelling phase involves an iterative process which consists of the following steps:
(i) The pressure drop across the outlet duct of the DPF in the steady flow test rig is considered to be zero as initial assumption.
(ii) With this assumption, the lumped parameter model is applied to obtain a first raw value of the coefficient a from the ratio between the pressure drop and the volumetric flow rate.
(iii) The porous wall permeability is calculated by means of equation (6), i.e. from the value of the coefficient a, the monolith geometry and the gas viscosity.
(iv) The 1D wall-flow DPF model is applied using the porous wall permeability as input data. The modelling includes the inlet duct, which has been previously characterised with OpenWAM, and the outlet duct of the experimental set-up to fit the measured pressure drop. The objective is to determine the value of the discharge coefficients defining the inertial contributions to the pressure drop in the canned DPF. It requires an iterative process with
OpenWAM that converges when the volumetric flow rate and the pressure drop across the DPF and the outlet duct agree with measurements. The tuning of the discharge coefficients is performed on the basis of a number of criteria related to the expected qualitative distribution of the pressure drop across a clean wall-flow monolith, as found in the literature:
• The pressure drop due to local flow contraction at the channel inlet is about half the pressure drop due to local expansion at the channel outlet at high Reynolds number (Re). As Re diminishes, the ratio between the local contraction and expansion becomes lower [19, 25] .
• The non-inertial pressure drop (friction and flow through the porous medium) contributes to around 50% of the monolith pressure drop at high Re. As Re decreases, the non-inertial pressure drop becomes the dominant factor with a contribution of about 90% of the monolith pressure drop [19, 25] .
The application of these criteria reduces the variety of possible combinations for the discharge coefficients values yielding the desired flow conditions in the system. Therefore it avoids from solutions without physical meaning.
The criteria are completed assuming that the inertial pressure drop at the inlet cone is a loss of dynamic pressure, which is characterised by a discharge coefficient higher than 1 [26] . In addition, the vena contracta controls the pressure drop across the interface between the outlet cone and the outlet duct.
(v) Once the discharge coefficients are determined, the agreement between the calculated value of the pressure drop across the outlet duct and that assumed at the beginning of the iteration is checked. If there is not agreement, the last calculated value of the pressure drop at the outlet duct is subtracted to the measured pressure drop across the DPF and the outlet duct in order to estimate the pressure drop across the DPF. This new value is used to evaluate again the coefficient a to be applied in the next iteration. The iterative process continues until the convergence of the pressure drop across the outlet duct is achieved.
When the iterative procedure converges, the permeability of the clean porous wall is determined. Furthermore, the 1D wall-flow DPF model provides the value of the discharge coefficients, so that the characterisation of the inertial contributions to the pressure drop is also completed.
Results and discussion
By means of the iterative procedure described in section 2.4 a permeability equal to 2.485x10 −13 m 2 was determined for the DPF whose experimental data are shown in Figure 2 . The calculated discharge coefficients describing the inertial contributions to the pressure drop are also summarised in Table 2 . A good agreement with experiments was obtained applying these data into the 1D DPF model. Figure 5 shows that the error is limited to ±50Pa.
The modelled pressure drop across the outlet duct due to friction is also represented in Figure 5 . Its value ranges between 5% and 7% of the measured pressure drop across the DPF and the outlet duct. The magnitude of this pressure drop demonstrates the importance of its calculation by means of the 1D model in order to obtain an accurate prediction of the permeability.
The analysis of the modelled results allows the assessment of the pressure drop contributions as a function of
Re. Figure 6 (a) shows the contributions to the pressure drop across the monolith, which are consistent with the described criteria. These results enforce the pressure drop decomposition shown in Figure 6 (b), which is devoted to the pressure drop across the canned DPF. For the characterised DPF, the pressure drop in the inlet cone was of the same order of magnitude than the pressure drop in the monolith channels outlet. The same conclusion was obtained comparing the pressure drop in the outlet cone of the DPF with respect to the pressure drop in the monolith channels inlet. Such results indicate that the pressure drop decomposition from both experimental and modelled data may contribute to define guidelines for the optimum design of the DPF in function of the engine operating conditions and the exhaust line architecture, so that the fuel consumption penalty may be reduced and even the engine acoustic emissions mitigated [20] .
Tests under impulsive flow were also performed to extend the validation of the proposed procedure to determine the porous wall permeability and the inertial pressure drop components. These tests allow to have a better comprehension of the impulsive response of the DPF. Experimental data were obtained testing the DPF in an impulse test rig. This facility allows the generation of engine-representative pressure pulses, which can be isolated in the time domain so that the reflected and transmitted pulses from the tested device can be analysed. The pressure pulses were measured with piezoelectric sensors. The characteristics of the set-up and the measurement procedure have been deeply described in [27] . . These plots give direct information about the characteristics of the attenuation that might be expected from the DPF in the exhaust system of engines. In addition, these results evidence the high sensitivity of the model to variations of the excitation.
The transmitted pulse by the DPF was well reproduced by the model, with only scarce differences in the interval of maximum pulse amplitude. Regarding the reflected pulse, the prediction of the discontinuity and the pressure reduction due to the sudden expansion of the flow at the inlet of the DPF was predicted with good accuracy. However, the pressure level was slightly underestimated in the overpressure region, which is controlled by the inlet channel plug.
The good agreement observed between experimental and modelled data under high unsteady flow conditions confirms the suitability of the proposed methodology to determine the permeability and the distribution of the inertial contributions to the pressure drop based on experimental characterisation at steady flow.
This conclusion is supported by the analysis of the results in the frequency domain, which are shown in Figure 8 .
Some differences are observed in both the transmitted and reflected SPL at high frequency, specially as the amplitude and duration of the pulses were reduced. Nevertheless, the proposed distribution of pressure drop across the DPF by means of the discharge coefficients and the definition of the porous wall permeability provides a very good prediction of the DPF response for frequencies below 400 Hz. This prediction is acceptable up to 800 Hz at room temperature.
Taking into account that the spectra are function of the frequency to speed of sound ratio ( f /a) [28] , at 673 K these limits in frequency would increase up to 600 Hz and 1200 Hz respectively, due to the variation of the speed of sound with the temperature. This range ensures good predictions on engine operation since it includes the engine dynamic response in regular conditions.
3. Slip-flow effect and pore structure
Relation between specific permeability and pore structure
The main requirements for uncoated DPF filters, as that analysed in section 2, are high soot filtration efficiency and accumulation capacity, being the regeneration strategies based on fuel additives. Consequently, the absence of the catalyst in the porous medium leads to lower porosity and smaller mean pore diameter than in other DPF sorts. The porosity ranges between 0.4 and 0.45 whereas the mean pore diameter varies from 10 μm to 20 μm in uncoated DPFs [29] .
Both the porosity and the mean pore diameter are related to the specific permeability. The specific permeability is a macroscopic parameter of the porous medium that is independent of both fluid properties and flow mechanisms. It is a function of the equivalent grain diameter and the porosity (ε).
The equivalent grain diameter is defined as the mean diameter of the medium collector unit (d c ), whereas the relation with the porosity is expressed through a porosity factor ( f (ε)). The general expression for the evaluation of the specific permeability is:
On the other hand, the mean pore diameter is frequently used to describe the porous wall structure. It is defined as a hydraulic diameter, so that it represents the diameter of a sphere conserving the wet surface area of the substrate.
The mean pore diameter in a packed bed of spherical particles, which is representative of the wall-flow DPF monolith substrate, can be obtained as a function of the porosity and the collector unit diameter:
The porosity factor is not an universal function and has been developed by several authors from different approaches. Some of the most remarkable models for packed beds of spherical particles are listed in Table 3 . Figure 9 shows the value of the porosity factor predicted by every model cited in Table 3 in a range of porosity frequently used in honeycomb wall-flow monolith filters.
Nevertheless, the value of the permeability determined with the procedure described in section 2 is not the specific permeability. In order to determine the specific permeability two considerations must be previously remarked:
(i) Slip-flow effect. The flow velocity at the solid walls of the conduits of the porous medium is different to zero.
Therefore, equation (11) must be corrected to incorporate this effect by means of the Stokes-Cunningham factor (SCF), as:
The Stokes-Cunningham factor is a function of the Knudsen number (Kn) relative to the mean pore diameter: Figure 10 shows graphically the effect of the mean pore diameter and the flow temperature on the SCF. Its value increases with the flow temperature, since the variation of the mean free path of the gas molecules (φ) affects the Knudsen number. As described in section 2.2, tests in the steady flow test rig were conducted at room temperature (297.5K). The SCF value varies at this temperature between 1.0083 and 1.0167 when the mean pore diameter decreases from 20 μm to 10 μm.
(ii) The direct application of the porosity factor models for packed beds of spherical particles does not yield the permeability obtained in section 2, even considering the slip-flow correction, as Figure 11 shows. The reasons for these results obey to three different causes:
a) The flow inside the porous medium has been supposed to travel a distance equal to the wall thickness. This assumption is applied to both models described in section 2. However, the effective length of the flow path is longer than the wall thickness because of the pore connections. It affects to the interstitial velocity and to the number of pores in parallel to match the porosity [36] . This concept is assessed by the tortuosity factor, which is not a property of the porous medium but a parameter of 1D models of the porous medium [36] .
The permeability obtained empirically contains this discrepancy and becomes underestimated because the lumped parameter and the 1D DPF models applied in this study do not include a correction to consider the tortuosity.
b) The existence of parallel-type pore non-uniformities. The fluid tends to flow through the larger pores, so that the permeability is essentially controlled by them [36] . The existence of this phenomenon causes a deviation of the definition of both the size distribution and the spherical shape of the pores. This fact induces models to predict an underestimated permeability due to the consideration of a mean pore diameter.
c) The effect of serial-type pore non-uniformities. It is caused by the variation of the effective cross-section of every conduit along the length of the flow path. Since the permeability is controlled by the smallest effective cross-section of the conduit flow, the consideration of a mean pore diameter induces models to overpredict the permeability.
Parallel and serial-type pore non-uniformities are phenomena affecting in opposite way and therefore mutual cancellation could be expected. Nevertheless, the three effects might be considered to obtain the specific permeability of the porous medium.
According to this discussion, Konstandopoulos [14] reported that a tortuosity factor equal to 3.25 must be considered. This correction coefficient was obtained with a lumped parameter DPF model similar to that proposed in section 2.1. Its use led to fit well the empirical data of a large sample of cordierite and SiC made wall-flow monoliths to the Carman-Kozeny's and the Kuwabara's models.
Applying this tortuosity correction, the continuum permeability of the characterised DPF becomes 8.076·10 −13 m 2 .
This value includes the slip-flow effect and therefore, it does not define the specific permeability.
The slip-flow effect cannot be evaluated unless the mean pore diameter is known. Therefore, the specific permeability cannot be determined because the mean pore diameter has been not still obtained.
In order to define the mean pore diameter and the porosity of the porous substrate, Figure 12 shows the value of the continuum permeability obtained applying the Kuwabara's porosity factor model. The temperature was considered the same as in the steady flow tests to calculate the slip-flow effect.
There are several combinations in the values of porosity and mean pore diameter able to yield the obtained value of the continuum permeability, which is plotted with black dashed-line in Figure 12 . Confident solutions can be attained if the porosity or the mean pore diameter are known. However, it is possible that neither the porosity nor the mean pore diameter are trustworthy. In this case an additional condition is required:
• Procedure 1: Figure 12 (a) shows a plot of the continuum permeability against the porosity for the mean pore diameter ranging between 10 μm and 15 μm. In spite of the fact that this range is lower than that found in the literature for this sort of DPF ( [10, 20] μm), there is not solution to define the porosity range. The upper limit is not determined because the Kuwabara's porosity factor and a mean pore size diameter of 10 μm do not cross the desired permeability for any porosity. The lower porosity limit, which is given by d p = 15 μm, is 0.25. It is clearly far from the data available in the literature for uncoated filters. Therefore, this procedure does not allow to determine a porosity value coherent with already existing knowledge of the order of magnitude that define the porous substrate. Similar results would be obtained in the case of applying the Happel's model. The Rumpf & Gupte, Blake-Kozeny and Karman-Kozeny's models would provide a rough porosity range, but still out of the literature data range. Therefore, the solution to which Procedure 1 leads would be of high uncertainty, if any.
• Procedure 2: Figure 12 (b) shows a plot of the continuum permeability as a function of the mean pore diameter.
The porosity ranges between 0.35 and 0.5. This range corresponds to a small variation of the mean pore diameter, between 11.3 μm and 12.8 μm, that match the desired continuum permeability. The mean value from the range shown in Figure 12 (b) is chosen as mean pore diameter value, which is equal to 12 μm applying the Kuwabara's porosity factor. With this mean pore diameter and applying equation (13), the porous wall porosity results equal to 0.415 to agree the continuum permeability.
It is important to remark that the obtained range for the mean pore diameter is very reduced in spite of the wide calculation range for porosity, which has been even further than the literature order of magnitude in this sort of In conclusion, the higher consistency shown by Procedure 2 indicates that, if the permeability is known, the determination of the pore structure must be based on the definition of a suitable porosity range. These data give a tight range for the determination of the mean pore diameter, from which a estimation of the porosity can finally be obtained. Figure 13 shows the plots of the results obtained by this procedure considering different models to calculate the porosity factor in packed beds of spherical particles. These results are also summarised in Table 4 The solution from the Kuwabara's model was considered the most representative of the pore structure, and hence it was applied in the fluid dynamic analysis of the DPF response. The reason lies on the widespread use of the Kuwabara's model in the simulation of the filtration process in packed beds of spherical particles through the unit collector filtration theory [37] [38] [39] .
Therefore, known the value of the mean pore diameter (12 μm), the evaluation of the Stokes-Cunningham factor at test temperature is also possible. According to equation (14) , the SCF value is 1.0139 for tests discussed in section 2.
Finally, dividing the continuum permeability by SCF, the specific permeability of the porous wall results equal to 7.965 · 10 −13 m 2 . The value of the main properties defining the pore structure are summarised in Table 5 .
Influence of the slip-flow effect
The influence of the slip-flow effect in coated DPFs has been widely proved to be relevant [38, 40] . Experiments with the DPF were performed in an engine test bench in order to assess the significance of this phenomena in uncoated filters with typical wall micro-structural properties. In these tests, the high gas temperature varies the permeability due to the slip-flow effect, which is also function of the mean pore diameter, as shown in Figure 10 and equations (14) and (15).
The measured instantaneous pressure upstream and downstream of the DPF and the isentropic instantaneous temperature upstream of it were imposed to the model. The isentropic instantaneous temperature was applied to approximate the instantaneous temperature. It was obtained from the instantaneous pressure and the measured mean pressure and temperature. Since the pressure drop is imposed, the control parameters for the modelling are the air mass flow and the temperature downstream of the DPF. They both were compared with the measured mean values.
Every operating point, identified by the engine speed, was tested with a very low equivalence ratio, ranged between 0.074 at 900 rpm and 0.169 at 2000 rpm to avoid any influence of the DPF soot loading. As drawback, this strategy also limited the test temperature below regular engine operation.
As Figure 15 (a) shows, a good agreement between the measured data and the calculated results was obtained for all tested operating points when the slip-flow effect was considered. These results highlights the capabilities of the proposed methodology to describe both the pressure drop contributions and the pore structure in wall-flow DPFs. The prediction of the gas temperature at the outlet of the DPF was performed with a nodal heat transfer model. The model solves the heat transfer equation both in the axial and radial direction of the monolith channels and also includes the radial heat transfer from the monolith to the metallic shell and to the environment [18] .
The plot in Figure 15 (b) represents the instantaneous value of the continuum permeability calculated at 2000 rpm.
The differences found in the value of the continuum permeability depending on the radial location evidence the effect of the gas temperature in the mean free path of the gas molecules. On the other hand, the differences with respect to the specific permeability, represented by the dashed-line, reach to values higher than 3% in the core region of the monolith, whereas in the peripheral region the minimum difference is 2.5%. This difference would increase during operation at higher temperature. Nevertheless, its magnitude is high enough to show that if the slip-flow effect is not considered, the mass flow prediction across the DPF would be underestimated, as Figure 15 (a) confirms. Nevertheless, the error is very low at low temperature, as concluded from previous modelling under steady and impulsive flow at room temperature. As the gas temperature increases, the error in mass flow of the model also increases monotonically, so that the maximum error in mass flow is obtained at the highest temperature of the test range (487 K) and reaches 1.6% of the measured value.
It is important to note that previous results have confirmed that the model does not show numerical error. So, when the model takes into account the slip flow effect, which is an important effect at high temperature, it is reached a more detailed description of the physics and the error versus experimental data is reduced without any artificial correction.
It also certifies a previous good evaluation of the mean pore diameter, from which depends an accurate evaluation of the SFC.
Summary and conclusions
An experimental-theoretical methodology has been presented for the assessment of the pore structure properties and the pressure drop contributions in honeycomb wall-flow monolith filters. The methodology is based on the measurement of the pressure drop across the DPF in a cold steady flow test rig. In order to decompose every contribution to the pressure drop, tests were modelled with a lumped parameter and a 1D wall-flow DPF models. As a result, the continuum permeability of the porous wall has been firstly determined.
Known the continuum permeability, the porosity and the mean pore diameter have been quantified. To do this, several porosity factor models for packed beds of spherical particles have been considered. According to the obtained results, a first definition of the porosity range is advised. From this, a narrow range for the mean pore diameter is obtained and leads to define the value of the mean pore diameter with high accuracy. Subsequently, the value of the porosity can be estimated.
Similar results in the calculation of both the mean pore diameter and the porosity were obtained with all the porosity factor models considered. The model proposed by Kuwabara was adopted in this work as solution in order to maintain the consistency with the formulation of most widely-used filtration models for packed beds of spherical particles. Finally, the value of the mean pore diameter permits the assessment of the slip-flow correction and leads to determine the specific permeability of the porous wall substrate.
A set of experiments and their corresponding modellings were performed to confirm the accuracy and reliability of the determined pore structure properties. These tests are related to the fluid dynamic characterisation of the DPF in order to analyse its influence on the engine performance. Impulsive flow tests have shown the suitability of both the permeability and the distribution of the inertial pressure drop determination even under unsteady flow conditions. Hot pulsating flow tests, which were carried out in an engine test bench, have included the effect of the flow temperature on the permeability through the slip-flow effect, which also strongly depends on the definition of the mean pore diameter.
These tests have been modelled imposing the experimental pressure drop across the tested system. The comparison between the experimental data and the modelling results has shown the importance of the slip-flow effect on the air mass flow prediction across uncoated wall-flow monoliths.
Appendix A: Formulation of the 1D wall-flow DPF model
The 1D wall-flow DPF model solves the flow across the canned DPF device. The governing equations are formulated for non-homentropic one-dimensional unsteady compressible flow inside the monolith channels:
• Energy conservation
Subscript i in equations (16), (17) and (18) identifies the type of monolith channel. It takes value 0 for the solution of the outlet channels and value 1 in the case of the inlet channels.
The conservation equations system in a pair of inlet and outlet channels is closed with the addition of the state equation for an ideal gas in every of the channels and the equation governing the pressure drop across the porous medium. It allows to obtain the value of the filtration velocity.
At this work, the Forchheimer's effect has been neglected because of the laminar flow inside the channels. Therefore, the pressure drop is governed by the Darcy's equation. The filtration velocity at every node in the axial direction of the channel is obtained in the most general case as
where Δp is the pressure drop between the inlet and the outlet channel, which is obtained from the solution of the conservation equations, as suggested also in Figure 16 . This solution has been obtained assuming that the filtration velocity may vary between the porous wall surface of the inlet channels and that of the outlet channels. The reason is the possible existence of the particulate layer and the assumed linear variation of the channel width represented in Figure 16 . List of Tables   -Table 1 . Geometrical characteristics of the DPF.
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